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SUMMARY 

An i n v e s t i g a t i o n  has  been made of t h e  p r a c t i c a b i l i t y  of us ing  a classical 
l i g h t - s c a t t e r i n g  technique  to  detect d i s c r e t e  soot particles (diameter  less 
than 50 nm) i n  premixed propane/air  and propane/oxygen-helium flames. The 
technique  involved comparison of angular  s c a t t e r i n g  i n t e n s i t y  p a t t e r n s  wi th  
t h e o r e t i c a l l y  determined M i e  and Rayleigh p a t t e r n s .  
employed i n  t h i s  i n v e s t i g a t i o n  inc luded  a laser l i g h t  source ,  a f l a t - f l ame  
burner ,  s p e c i a l l y  coated optics, a cooled photcanul t ip l ie r  d e t e c t o r ,  and a 
lock-in vol tmeter  readout .  Large, agglomerated soot par t ic les  were s u c c e s s f u l l y  
de t ec t ed  and s ized .  It was no t  possible, however, to  detect s m a l l ,  d i s c r e t e  
particles. The l i m i t i n g  factor appeared to  be background s c a t t e r i n g  by t h e  
sys tem's  optics. 

The exper imenta l  appa ra tus  

INTRODUCTION 

The formation of soot wi th in  combustion systems such as flames, gas 
t u r b i n e s ,  etc., can  l e a d  to  p o t e n t i a l  combustor and environmental  problems. 
From a combustor aspect, t h e  presence  o f  soot can cause  excess ive  h e a t  t r a n s f e r  
and r e s u l t a n t  material problems; from t h e  environmental  aspect, t h e  product ion  
and emission of soot can r e s u l t  i n  unwanted levels of smoke  and i n f l u e n c e  
atmospheric  chemistry.  For example, carbon s u r f a c e s  are known to  be c a t a l y t i c  
for t h e  conversion of SO2 to  s u l f a t e  ( r e f .  1 )  and may w e l l  be of import'ance 
i n  many o t h e r  a tmospheric  r e a c t i o n s  which are now cons idered  to  occur  predom- 
i n a t e l y  i n  t h e  g a s  phase. One of t h e  p r i n c i p a l  o b j e c t i v e s  of s t u d i e s  of soot 
formation has  been to  de termine  t h e  processes by which soot par t ic les  are 
formed. In  o rde r  to  understand t h e s e  processes better,  t h e r e  is a need to  
o b t a i n  accurate d a t a  on t h e  concen t r a t ion ,  s i z e ,  and s i z e  d i s t r i b u t i o n  of 
soot par t ic les  wi th in  t h e  combustion environment. Therefore ,  t h e  develop- 
ment of i n  s i t u  t echniques  for s i z i n g  soot particles is of prime importance.  

S t u d i e s  of  t h e  s i z e  and s t r u c t u r e  of  soot particles i n  flames have gen- 
e r a l l y  involved one or t h e  o t h e r  of t w o  classes of  techniques.  One class 
of techniques  invo lves  e x t r a c t i n g  samples of soot from t h e  flame and then  
ana lyz ing  t h e  e x t r a c t e d  soot w i t h  e l e c t r o n  microscopy (refs.  2 to 8 ) .  One 
d isadvantage  of such sampling-microscopy techniques  is t h a t  whi le  they gener- 
a l l y  y i e l d  c o n s i s t e n t  r e s u l t s  - namely, t h e  e x i s t e n c e  of r e l a t i v e l y  large 
(100 to  300 nm) c h a i n l i k e  agglomerates  made up o f  smaller (10  to  50 nm) essen- 
t i a l l y  s p h e r i c a l  particles - t h e  smaller par t ic les  are r a r e l y  seen  i n  dis-  
crete, unagglomerated form; and t h e  e x t e n t  to  which t h e  observed agglomerat ion 
has  occurred  i n  t h e  sampling process, r a t h e r  than  i n  t h e  flame, is n o t  known. 
Thus, t h e  t r u e  s t r u c t u r e  of soot i n  a flame is n o t  revea led  unambiguously 
by such techniques.  Furthermore,  t h e  i n t r o d u c t i o n  of a sampling probe i n t o  
a flame i n e v i t a b l y  p e r t u r b s  t h e  flame i n  some fash ion .  



The second class of techniques used to study soot in flames involves 
light scattering which perturbs neither the flame nor the structure of the 
soot contained therein. Consequently, several investigators (refs. 7 to 10)  
have attempted to study soot, in situ, by using various light-scattering 
techniques. Unfortunately, most light-scattering techniques suffer from a 
problem which, although different from the problems of sampling-microscopy 
techniques, also results in bias toward larger particles. This problem is 
that the intensity of light scattering decreases sharply with decreasing 
particle size. Thus, if particles of more than one size are present in a 
volume element, the scattering from the larger particles can effectively mask 
the scattering from smaller particles. This may occur even if the larger 
particles are far less abundant. Even if the particle sizes are stratified 
so that particles of different sizes are not present in the same volume ele- 
ment, the scattering from small particles is very weak and difficult to detect. 
The problem cannot be alleviated simply by increasing the intensity of the 
incident light and/or the sensitivity of the detector since such approaches 
also increase the level of background light or noise detected and do not 
improve the signal to noise ratio. In view of the foregoing problem, it should 
not be surprising that most investigators using light-scattering techniques 
have detected the larger agglomerates and failed to detect the smaller dis- 
crete particles. Thus, their results are quite similar to those of sampling- 
microscopy studies. 

It should be noted that each of the approximately spherical particles 
referred to in this report as "small," "discrete," and "unagglomerated" is 
in fact, believed to be made of several even smaller particles clustered 
tightly together. Particle growth at all stages is believed to involve both 
clustering of existing particles and deposition of additional carbonaceous 
material. When the existing particles are very small, growth by carbonaceous 
deposition competes successfully with clustering; thus, interparticle bound- 
aries within each cluster are obscured so that the resultant small clusters' 
appear to be discrete particles. Growth by deposition does not compete suc- 
cessfully with further clustering for particles as large as 10  to 50 nm; con- 
sequently, the resultant 100- to 300-nm agglomerates are clearly not discrete 
(ref. 6). 

The present study constituted an attempt to refine the light-scattering 
technique in order to detect small, discrete particles and to observe the onset 
of agglomeration by using a combination of advanced components not used by, 
or not available to, earlier investigators. Unfortunately, this attempt too 
was unsuccessful. This report documents the experimental apparatus and tech- 
niques employed, including the various modifications evolved, and discusses 
the reasons why none were successful. 

SYMBOLS 

particle diameter, nm 

light intensity, W/m2 

distance from scattering particles to detector, m 



M total mass of scattering particles in volume element scanned, kg 

m complex refractive index of scattering particles 

N number of scattering particles in volume element scanned 

X size parameter, Td/X 

e scattering angle, deg 

x wavelength of incident light, nm 

P 

$,$' Mie scattering functions 

Subscripts : 

1 perpendicular 

II parallel 

Superscripts: 

0 incident 

S scattered 

density of scattering particles, kg/m3 

THEORY AND BACKGROUND 

The angular distribution functions for monochromatic light of wavelength A 
scattered by homogeneous spherical particles of diameter d and complex refrac- 
tive index m were derived exactly by Mie in 1908. Reference 9 presents the 
Mie equations in the following convenient form, with the notation of the 
present paper being used: 

and 
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and 

Since x = md/X, equations (1)  and (2) may be rewritten as 

These terms $L, $11, $:, and $11 are rather cumbersome functions 
involving Legendre polynomials and spherical Bessel functions and need not be 
written out here. Reference 11 presents complete statements of the Mie equa- 
tions as well as details of their derivation. 

The Mie equations only apply strictly to scattering by a single, homo- 
geneous spherical particle. However, the scattering functions for a small 
volume element containing N such particles are simply N times the single- 
particle function, providing the particle density is sufficiently low so 
that the particles act independently (criterion of independent scattering) 
and the light is not scattered more than once (criterion of single scattering). 
(See ref. 11.) The criterion of independent scattering is considered to be 
met, in practice, when the mean separation of the scattering particles is at 
least three times the particle diameter. The practical criterion for single 
scattering is that the total extinction of the incident light be 10 percent 
or less. When these criteria are met, the Mie equations can be multiplied 
by N to yield the appropriate multiparticle scattering equations 

and 
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For particles that are small compared to the wavelength of the incident 
light, the Mie equations reduce to the much simpler Rayleigh equations 
(ref. 1 1 )  as follows: 

and 

The Rayleigh equations are excellent approximations of the much more 
complex Mie equations for particles which have circumferences that are a few 
tenths, or less, of a wavelength. In fact, the scattering from such particles 
is frequently referred to as "Rayleigh scattering"; the term "Mie scattering ,I1 
although theoretically applicable to homogeneous spherical particles of any 
size, is frequently applied only to particles too large for the Rayleigh 
approximation but too small for physical optics. 

It is instructive to express the angular scattering functions in terms 
of the total mass rather than in terms of the number of scattering particles 
in a particular volume element. If the particles are assumed to be spherical 
with density P, their total mass M would be TfNpd3/6; therefore, 

and 

If the variation of @i and @;I with d is neglected, it can be seen 
that Is OC d3.  
for example, would scatter light 1000 times more intensely than would the 
same mass of soot in the form of 25-nm discrete particles. 

Thus, a given mass of soot in the form of 250-nm agglomerates, 
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As noted in the Introduction, soot is believed to be made up of small, 
roughly spherical particles (10 to 50 nm), many if not most of which agglom- 
erate into larger chainlike clusters (100 to 300 nm) . 
and I00 to 300 nm correspond to Rayleigh scattering and Mie scattering, respec- 
tively, for visible light. Since very little soot is believed to be in the 
intermediate size range (50 to 100 nm) , the distinction between discrete par- 
ticles and agglomerates should be quite clear. 
should be marked by an abrupt transition from Rayleigh to Mie scattering and 
a correspondingly sharp increase in scattering intensity, provided that the 
various particle sizes are stratified by such a technique as the use of a flat 
flame. 

The ranges 1 0  to 50 nm 

The onset of agglomeration 

Several techniques for sizing particles by using light-scattering data 
have been proposed (refs. 7, 9, and 1 0 ) .  The most straightforward technique 
involves calculating theoretical scattering patterns for a range of particle 
sizes and comparing them with experimentally observed patterns. Particle size 
is then taken to be that of the theoretically calculated pattern that best 
fits the experimental data. At least three factors, however, complicate this 
technique: 

(1)  More than one size particle may be present in the volume element 
studied. Presumably this can be obviated, as just noted, by stratifying the 
sizes. If this is not accomplished, the largest particles present in any 
significant quantity will generally predominate. 

(2 )  Particles are rarely spherical as assumed in the Mie theory and its 
limiting case, the Rayleigh theory. It is convenient to accept the fact that 
the theoretical and experimental scattering patterns for nonspherical particles 
will not fit exactly but to assume that the best fit indicates the size of 
"equivalent" spherical particles having similar scattering characteristics. 
Thus, the diameter "measured" for most real particles represents an 
approximation. 

(3 )  Calculation of the theoretical scattering patterns depends on the 
complex refractive index of the particles under consideration. The refrac- 
tive index of soot varies with its composition and temperature and is rarely, 
if ever, known exactly for conditions in a flame. Sometimes a refractive index 
for a compacted, room-temperature sample of soot from the flame being studied 
is used, and sometimes a theoretical value is calculated for ideal graphitic 
particles at the flame temperature. Since real soot is not pure carbon and is 
not perfectly graphitized, theoretically calculated values of the refractive 
index are as defective as the alternative values measured at room temperature. 
The uncertainty of the refractive index of soot under flame conditions is, by 
itself, sufficient to cast considerable doubt on any results obtained by a 
light-scattering technique. However, it should not prevent distinction 
between discrete and agglomerated particles, nor detection of the transition 
from one to the other. 

It should be noted that if small, discrete particles could be detected 
by observing Rayleigh scattering patterns, the particles could not be sized 
because - apart from the problem of uncertainties in the refractive index - 
there is the additional problem in the Rayleigh size range that the shape of 
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the scattering patterns is independent of particle size. The.absolute inten- 
sity of scattering at a given angle varies with size in the Rayleigh range; but, 
because the intensity also varies with particle concentration, it is impossible 
to distinguish between the two effects from scattering data alone. Neverthe- 
less, if Rayleigh scattering attributable to soot is detected, it does place 
an approximate upper limit on the size of the particles. Furthermore, if the 
shape of the scattering patterns higher in the flame changed from Rayleigh to 
Mie with a sharp increase in intensity, the onset of agglomeration could reason- 
ably be assumed. The observation of such a phenomenon was a primary goal of 
this study. 

EXPERIMENTAL APPARATUS 

The apparatus employed in this investigation is shown schematically in 
figure 1. Figure 2 is a photograph of the luminous flame laboratory at the 
Langley Research Center. 

The burner used in all tests was a premixed flat-flame burner consisting 
of a cylindrical brass tube, 73-mm inside diameter, with inlet ports at the 
bottom for the fuel and oxidizer gases and a specially fabricated diffuser top 
through which the gases emerge well mixed with uniform flow velocity across the 
burner face. The diffuser top was fabricated from copper shot, which were hand 
sieved for uniform size by being passed through a 7-gage sieve and retained by 
an 8-gage sieve. The shot were tested for sphericity by rolling them down a 
shallow (about 15O slope) inclined plane; shot which did not reach the bottom 
on two consecutive tests were rejected. The resultant uniform size, essen- 
tially spherical, copper shot were fabricated into a monolithic cylindrical 
disk, 73 m in diameter and approximately 35 mm thick, by pouring them into a 
graphite mold and sintering them in a vacuum furnace. A commercially avail- 
able, fine-porosity sintered bronze faceplate 2 mm thick was then vacuum 
sintered to the surface of the resultant sintered copper disk, and this dif- 
fuser assembly was shrunk-fit into the top of the burner. The completed burner 
is shown in figure 3. 

The excellent thermal and flow properties of the burner top contributed 
substantially to the attainment of a stable flat flame. Further control of 
flame stability was achieved by mounting a circular wire-mesh flame stabilizer 
above the burner. This flame stabilizer could be raised or lowered with an 
electric motor to achieve the optimum flame at various flow rates and fuel 
to oxidizer ratios. Figure 4 is a photograph of a typical flame. The burner 
was mounted in a chamber to obviate the problem of room drafts, and the cham- 
ber was evacuable to enable expansion of the flame reaction zone. 

Propane was the fuel used in all tests of this study. Air was the oxi- 
dizing gas used initially, but a helium-oxygen analog of air was substituted 
when it was determined that scattering by the nitrogen molecules of air was 
significant. Helium has a significantly lower scattering efficiency than 
nitrogen. 

The water contained in the combustion product gas tended to condense 
near the bottom of the chamber where the massive chamber baseplate was rela- 
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t i v e l y  cool. The r e s u l t a n t  c loud of  water d r o p l e t s  produced very  high l e v e l s  
of ex t raneous  s c a t t e r i n g .  This  problem w a s  cured by hea t ing  t h e  chamber bot-  
t o m  and by in t roducing  a cont inuous  f law of  d i l u e n t  g a s  i n t o  t h e  chamber to 
decrease  the  pa r t i a l  p r e s s u r e  of water f o r  a g iven  t o t a l  test pressure. N i t r o -  
gen was the  d i l u e n t  gas  used i n i t i a l l y ,  b u t  helium was e v e n t u a l l y  s u b s t i t u t e d  
to reduce background s c a t t e r i n g .  

The l i g h t  source used i n i t i a l l y  was a 5-mW helium-neon laser with a wave- 
l e n g t h  of 632.8 nm. Later t h i s  laser w a s  rep laced  with a tunab le  argon ion  
laser whose s t r o n g e s t  l i n e  was 514.5 m with a maximum power of 3.2 W. The 
514.5-nm l i n e  was used i n  a l l  work involv ing  t h i s  laser. 

The d e t e c t o r  used with t h e  helium-neon laser w a s  a 2-inch end window 
p h o t a n u l t i p l i e r  tube  with an S-20 t r i a l k a l i  cathode. It  was opera ted  uncooled. 
The d e t e c t o r  used with t h e  argon ion  laser w a s  a 2-inch end window photomulti-  
p l i e r  tube with an S-11 cesium antimony cathode which is more s e n s i t i v e  to 
594.5-nm l i g h t  than t h e  S-20 cathode. The tube used was s p e c i f i e d  a t  purchase 
to  be s e l e c t e d  f o r  h i g h e s t  quantum e f f i c i e n c y  c o n s i s t e n t  with l o w  dark c u r r e n t ,  
a combination which y i e l d s  a high s i g n a l  to  no i se  ratio. I n  o rde r  to  f u r t h e r  
reduce the  dark c u r r e n t ,  t h e  tube  was cooled to  -4OO C dur ing  opera t ion .  

The func t ion  of t h e  d e t e c t i o n  system was to  measure t h e  r e l a t i v e  i n t e n s i t y  
of t h a t  f r a c t i o n  of t h e  i n c i d e n t  l i g h t  s c a t t e r e d  a t  a g iven  angle  by t h e  soot 
par,ticles i n  t h e  flame being inves t iga t ed .  I n  order  to  achieve  t h i s  goa l ,  
it was essential to  reject l i g h t  f r a n  a l l  o the r  sources. Two dev ices  were 
used to accomplish t h i s  r e j e c t i o n :  ( 1 )  A narrow band-pass f i l t e r  cen te red  
a t  t h e  wavelength of t h e  laser being used was in t e rposed  between t h e  flame 
and t h e  pho tomul t ip l i e r  tube. (The r e j e c t i o n  ratio of t h e  f i l t e rs  used was 
5000 to 1 . )  (2) To reject t h a t  f r a c t i o n  of ambient l i g h t ,  inc luding  l i g h t  
emi t ted  by the  luminous flame, which f e l l  w i th in  t h e  f i l t e r  band pass ,  t h e  
i n c i d e n t  laser l i g h t  was chopped a t  a frequency of  260 Hz and the  ou tpu t  of 
t h e  pho tomul t ip l i e r  tube was read  o u t  with a lock-in vol tmeter  which was syn- 
chronized with the  chopper. The lock-in vol tmeter  thus read ou t  only t h a t  
component of the  pho tomul t ip l i e r  ou tpu t  pulsed with t h e  same frequency and 
phase as the  chopper. The lock-in vol tmeter  w a s  capable  of  d i s t i n g u i s h i n g  
and measuring the  pulsed  s i g n a l ,  even i n  cases where t h e  background ou tpu t  
of t he  p h o t m u l t i p l i e r  from a l l  sources w a s  as g r e a t  as, or s l i g h t l y  g r e a t e r  
than,  t h e  p rope r ly  pulsed  s i g n a l .  

I n  order  to c o n t r o l  t he  i n t e n s i t y  of  l i g h t  which s t r u c k  the  photomulti-  
p l i e r  tube,  a stack of  f i v e  n e u t r a l  d e n s i t y  f i l t e r s  of known t r a n s m i s s i v i t y  
w a s  employed. The i n d i v i d u a l  f i l ters ,  i n  any combination, could then be 
i n s e r t e d  i n t o  or withdrawn from t h e  o p t i c a l  p a t h  between t h e  flame and photo- 
m u l t i p l i e r  as needed. 

The pho tomul t ip l i e r  and a s s o c i a t e d  o p t i c s  were mounted on a r o t a t a b l e  
base so t h a t  l i g h t  s c a t t e r e d  a t  va r ious  ang le s  could be measured. I n  order  
to minimize v a r i a t i o n s  i n  t h e  i n t e n s i t y  of t he  i n c i d e n t  l i g h t ,  it was neces- 
s a r y  f o r  t h e  laser beam to e n t e r  t h e  chamber through a s i n g l e  o p t i c a l  p o r t .  
To achieve t h e  foregoing  and to allow t h e  photomul t5pl ie r  to  be r o t a t e d  i n  
a h o r i z o n t a l  plane,  it w a s  necessary  to  have t h e  laser beam enter t h e  chamber 
v e r t i c a l l y  a l though t h e  beam then t r a v e r s e d  t h e  flame h o r i z o n t a l l y .  The small 
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helium-neon laser could  be a t t a c h e d  v e r t i c a l l y  to t h e  chamber assembly, b u t  t h e  
much l a r g e r  argon ion  laser had to  rest h o r i z o n t a l l y  on t h e  floor. For conven- 
i ence ,  t h e  pho tomul t ip l i e r  and its associated optics were mounted v e r t i c a l l y .  
Thus, optical  r e f l e c t o r s  had to  be employed - t w o  with t h e  helium-neon laser as 
t h e  l i g h t  source and t h r e e  with t h e  argon ion laser. F ron t - s i lve red  mirrors 
were used a t  f i r s t ,  bu t  they  were found to scatter too much l i g h t ;  also, t h e i r  
r e f l e c t i v e  s u r f a c e s  were l i t e r a l l y  des t royed  by t h e  more powerful argon ion  
laser. Consequently, dielectric reflectors with h igh -qua l i ty  r e f r a c t o r y  coat- 
i n g s  were e v e n t u a l l y  employed. The c o a t i n g s  were s p e c i f i e d  to  have maximum 
r e f l e c t a n c e  f o r  t h e  wavelength and ang le  of inc idence  employed. S i m i l a r l y ,  
t h e  opt ical  p o r t s  i n t o  and o u t  of t h e  chamber were changed, f i r s t  from p ia te  
g l a s s  to optical  g l a s s ,  then to optical g l a s s  coa ted  f o r  minimum r e f l e c t a n c e  
wi th  . the wavelength employed and normai incidence.  

A major problem involved i n  minimizing t h e  background s c a t t e r i n g  i n t e n s i t y  
is d i s p o s i t i o n  of  t h e  i n c i d e n t  laser beam a f t e r  it has t r a v e r s e d  t h e  flame. 
Because of t h e  c r i t e r i o n  f o r  s i n g l e  s c a t t e r i n g ,  t h e  i n t e n s i t y  of t h i s  beam 
a f t e r  l eav ing  t h e  flame w a s  always 90 pe rcen t ,  or more, of its i n i t i a l  value.  
With t h e  helium-neon laser, it was p o s s i b l e  to c o n s t r u c t  a ba f f l e - type  l i g h t  
t rap which e f f e c t i v e l y  d i s s i p a t e d  t h i s  beam; bu t  with t h e  much more powerful 
argon ion  laser,  none of the  va r ious  l i g h t - t r a p  des igns  w a s  e f f e c t i v e .  The 
most e f f e c t i v e  technique  simply involved r e f l e c t i n g  t h e  e x i t i n g  beam o u t  of 
t h e  chamber v i a  an a d d i t i o n a l  optical  reflector and e x i t  po r t .  

Unfor tuna te ly ,  even t h e  b e s t  opt ical  c o a t i n g s  a v a i l a b l e  scatter about 
0.1 pe rcen t  of t h e  l i g h t  i n c i d e n t  upon them. S ince  t h i s  l i g h t  w a s  chopped 
laser l i g h t  of t h e  proper wavelength to  pass through the narrow band-pass 
f i l t e r  and the  r i g h t  p u l s e  frequency and phase to be d e t e c t e d  by t h e  lock- in  
vo l tme te r ,  such ex t r aneous  scattered l i g h t  w a s  ve ry  troublesome - much more 
so than ambient r o o m  l i g h t  or l i g h t  f r a n  t h e  flame i tself ,  both  of which were 
e f f e c t i v e l y  blocked from d e t e c t i o n .  U l t ima te ly  it w a s  t h e  i n a b i l i t y  to  ade- 
q u a t e l y  reduce t h e  ex t r aneous  laser l i g h t  which p laced  a l i m i t  on t h e  expe r i -  
ment. L ight  scattered by soot i n  t h e  flame c o u l d  no t  be measured i f  t he  
ex t r aneous  l i g h t  w a s  of e q u a l  or g r e a t e r  i n t e n s i t y .  As a h e l p  i n  r e j e c t i n g  
ex t r aneous  laser l i g h t ,  a l e n s  and p inho le  aperture were i n s e r t e d  between t h e  
flame and t h e  pho tomul t ip l i e r  d e t e c t o r .  The volume element of t h e  flame being 
s t u d i e d  w a s  imaged on t h e  aperture by t h e  l ens .  Th i s  reduced t h e  ex t r aneous  
l i g h t  problem bu t  d i d  not  e l i m i n a t e  it. Once again,  it should be noted t h a t  
i n  a t tempt ing  to  d e t e c t  particles i n  t h e  Rayleigh s i z e  range even ve ry  low 
l e v e l s  of ex t r aneous  l i g h t  may exceed t h e  s c a t t e r i n g  i n t e n s i t y  f r a n  t h e  
particles themselves. 

EXPERIMENTAL PROCEDURE 

The exper imenta l  procedure employed w a s  as follows: The sys tem's  optics 
were f i r s t  checked and a l i n e d  so as to ( 1 )  send t h e  i n c i d e n t  l i g h t  beam hor i -  
z o n t a l l y  across t h e  c e n t e r  of t h e  burner a t  a predetermined he igh t ,  (2 )  focus  
t h e  d e t e c t o r  aperture on t h e  i n c i d e n t  beam a t  t h e  c e n t e r  of t h e  burner,  and 
( 3 )  r e f l e c t  t h e  e x i t i n g  laser beam o u t  of t h e  chamber. These s t e p s  were 
accomplished with a minimum of s c a t t e r i n g  f r a n  t h e  optics themselves. 
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Following the foregoing optical alinement, the burner was lit and the 
flame allowed to stabilize. Then the gas flow rates were adjusted to give 
a stable flame at the desired equivalence ratio. The stabilizing screen height 
was adjusted to provide optimum flame geometry, as evidenced by vertical sides 
and flat top and bottom. The chamber pressure was adjusted to the desired 
value, and a suitable diluent gas flow was implemented. Scattering intensity 
measurements were then made at various angles. At each angle, two measurements 
were made, one with a fuel-rich luminous flame and a second with a lean, non- 
luminous flame. The fuel and oxidizer flow rates corresponding to each condi- 
tion were carefully measured and reproduced for each angle, and the flame was 
allowed to stabilize after each transition before scattering measurements were 
made. 

The scattering intensities measured with the lean, nonluminous flame 
were assumed to be ambient values, or noise levels, and were subtracted from 
the intensities measured at the same angles with a rich, luminous flame. The 
resultant differences were taken as the true intensities of light scattered 
by the soot particles in the flame. Because the volume of the sample element 
observed varies angularly by l/sin 8, the intensity measurements were multi- 
plied by sin 8 to cancel out this effect. It should be noted that refer- 
ences 7 and 8 erroneously give this multiplicative correction factor as 
l/sin 8 .  

Flames of various total flow rates, pressures, and equivalence ratios 
(the equivalence ratio is the actual fuel-air ratio divided by the stoichio- 
metric fuel-air ratio) were studied at various heights above the burner top. 

RESULTS 

Scattering in excess of the background level was frequently detected. 
The angular variation of such scattering in any instance did not correspond 
to the characteristics of small spherical particles. Figure 5 presents two 
sets of scattering data for light polarized perpendicular to the plane of 
observation, chamber pressure of 600 torr (1 torr = 133.322 Pa), and equiva- 
lence ratios of 2.7 and 1.9. Also plotted are the theoretical Mie scattering 
patterns that best fit the data. These patterns correspond to particle sizes 
of 470 nm and 575 nm. The differences between the theoretical and experimental 
patterns are rather large and are believed to be due, in part, to the aspher- 
icity characteristic of large soot particles and, in part, to error in the 
value of the index of refraction. The value of the refractive index used in 
this study was 1.57 - 0.565i, which was measured by Dalzell (ref. 12) using 
room temperature soot from a premixed propane/air flame. 

Even allowing for the foregoing sources of error, the particles observed 
are apparently quite large - significantly larger than are normally observed 
in propane/air flames. However, it must be remembered that these data were 
obtained with propane/helium-oxygen flames which are different from propane/air 
flames because of the thermal and transport property differences between helium 
and nitrogen, the major constituents of the flame gases of the two types of 
flames. 
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Since  t h i s  s tudy  w a s  n o t  in tended  to  d u p l i c a t e  p rev ious  l i g h t - s c a t t e r i n g  
s t u d i e s  i n  which l a r g e r  particles were d e t e c t e d  and measured, r e l a t i v e l y  l i t t l e  
e f f o r t  was devoted to t h e  accumulation of  l a r g e - p a r t i c l e  s c a t t e r i n g  p a t t e r n s .  
Rather,  when l a r g e  particles were observed, the exper imenta l  c o n d i t i o n s  were 
changed so as to favor  smaller par t ic les  by dec reas ing  t h e  equiva lence  r a t i o  
while surveying the flame a t  the  same h e i g h t  above t h e  burner or by maintain- 
ing t h e  equiva lence  r a t io  c o n s t a n t  b u t  surveying  s l i g h t l y  lower i n  t h e  flame. 
Such changes i n  exper imenta l  c o n d i t i o n s  i n v a r i a b l y  r e s u l t e d  i n  a s h a r p  dec rease  
i n  s i g n a l  i n t e n s i t y  to a l e v e l  i n d i s t i n g u i s h a b l e  from t h e  background i n t e n s i t y .  
I n  no c a s e  was it p o s s i b l e  to observe  t h e  Rayleigh s c a t t e r i n g  p a t t e r n s  which 
should have been a s s o c i a t e d  with small, d i s c r e t e  p a r t i c l e s .  

S ince  a sha rp  dec rease  i n  s i g n a l  i n t e n s i t y  accompanied every  change i n  
c o n d i t i o n s  in tended  to decrease  p a r t i c l e  s i z e ,  it seems reasonable  to  assume 
t h a t  the  d e s i r e d  par t ic le  s i z e  dec rease  had, i n  f a c t ,  been achieved b u t  t h a t  
t h e  s c a t t e r i n g  i n t e n s i t y  of  t h e  sma l l e r ,  presumably unagglomerated, p a r t i c l e s  
was less than the  achievable  background l e v e l .  It is i n t e r e s t i n g  to no te  
t h a t  Roth and Gebhart ( r e f .  13) i n  t h e i r  a n a l y s i s  of t h e  p r a c t i c a l  lower l i m i t  
of par t ic le  s i z e  measurable with a s i m i l a r  l i g h t - s c a t t e r i n g  technique a r r i v e d  
a t  a va lue  of 50 run. This va lue  a l s o  happens t o  be t h e  upper l i m i t  of t h e  
diameter of  d i s c r e t e  particles be l i eved  to be p r e s e n t  i n  most soots; the re -  
f o r e ,  t h e  a n a l y s i s  of Roth and Gebhart ,  combined with t h e  resul ts  of t h e  
p r e s e n t  s tudy ,  would seem to i n d i c a t e  t h a t  p a r t i c l e s  sma l l e r  than 50 nm 
cannot be d e t e c t e d  by t h e  c l a s s i c a l  s c a t t e r i n g  technique  wi th  apparatus 
p r e s e n t l y  a v a i l a b l e .  

CONCLUDING REMARKS 

The l i m i t e d  r e s u l t s  ob ta ined  i n  t h i s  s tudy  regard ing  l a r g e  soot par t ic les  
genera ted  i n  premixed propane/helium-oxygen flames seem to i n d i c a t e  t h a t  such 
p a r t i c l e s  a r e  h igh ly  a s p h e r i c a l  and s i g n i f i c a n t l y  l a r g e r  than t h e i r  counter -  
p a r t s  i n  propane/air  flames. I n  both types of flame, t h e  l a r g e  p a r t i c l e s  a r e ,  
i n  a l l  p r o b a b i l i t y ,  agglomerates of many smaller p a r t i c l e s .  The l a r g e r  such 
agglomerates are, t h e  less s p h e r i c a l  they tend to  be. This  is c o n s i s t e n t  
with the  resul ts  of the  study. 

The f a i l u r e  of t h e  p r e s e n t  s tudy  to d e t e c t  small, d i s c r e t e  par t ic les  of 
50 nm or less, d e s p i t e  sys t ema t i c  attempts to do so, is be l i eved  to  i n d i c a t e  
t h a t  such particles cannot  be d e t e c t e d  by means of t h e  c l a s s i c a l  s c a t t e r i n g  
technique wi th  apparatus p r e s e n t l y  a v a i l a b l e .  

Langley Research Center 
Na t iona l  Aeronaut ics  and Space Adminis t ra t ion  
Hampton, VA 23665 
May 23, 1978 
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Figure 1 .- Schematic’of light-scattering apparatus. 





Figure 3.- Flat-flame burner .  
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L- 78 - 107 
Figure 4.- Premixed propane/air f l a t  flame. 

Chamber pressure of 500 to r r .  

17 



Equivalence 
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1.9 - Theoretical Mie patterns 
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Figure 5.- Variation of normalized scattering intensity with scattering angle. Perpendicular 
polarization; chamber pressure of 600 torr: propane/helium-oxygen flat flame. 
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